The titanium alloys have superior advantages such as high specific strength, high corrosion resistance and heat resistance. They are used in medical, aerospace and other fields (Niinomi, 2001 ). However, their poor workability involves the high cost by removal processing. According to the powder metallurgy, titanium alloy parts can be produced in the near net shape, which is effective in reducing the processing cost.
[DOI: 10.1299/mej. MIM sintered compacts. The lamellar microstructure is formed by heating at above the β transus temperature then precipitating the α phase in a layer form by subsequent cooling. The thickness of the α phase depends on the cooling rate. However, coarse lamellar microstructure is formed in the sintered compacts by the powder metallurgy, because it is subjected to vacuum sintering and furnace cooling, by which rapid cooling can not be performed after sintering. Fig. 1 Cross-sectional micrograph of (a) wrought Ti-6Al-4V and (b) MIM Ti-6Al-4V
By the way, in the capsule HIP (Fros et al., 1980) (Kelto et al., 1980) , the powder is filled in a capsule made of steel, and heated and pressurized in the α + β region temperature, whereby a dense sintered compact can be produced. The Ti-6Al-4V alloy prepared by capsule HIP shows the equiaxed microstructure and exhibits higher fatigue strength than the sintered compacts with a lamellar microstructure. However, the application range of the capsule HIP is currently limited because of the high costs of preparing and removing the capsule, and the low flexibility of shape. If it is possible to prepare the Ti-6Al-4V sintered compacts having high fatigue strength manufactured by sintering process using general vacuum sintering furnace, it is considered that there is a cost merit coming from the simplicity of the facility and processing.
In this study, we focused on the pressureless sintering in the α + β region for Ti alloy system. If sintering for a long time in the α + β region is carried out without pressurizing (unlike capsule HIP), a sufficiently dense sintered compacts with an equiaxed microstructure may be obtained. So far there are few reports (Maekawa et al., 1999) on the sintering of Ti alloys in the α + β region. Although tensile strength has been studied, there is no report to evaluate fatigue strength. Therefore, in this research, we performed the sintering in the α + β region for the Ti-6Al-4V compacts manufactured by injection molding, and evaluate the densification, microstructure formation, tensile and fatigue properties.
Experimental procedure
Gas-atomized powder with a median particle diameter of 28.8 µm (Osaka Titanium Co., Ltd.) was used in this study. SEM image of the powder was shown in Fig. 2 .
The composition of binder used in this study is listed in Table 1 . The powder loading was 65 % in volume ratio. The powder and binder was kneaded at 150 ºC for 5.4 ks. Then, the feedstock obtained by the kneading was molded into the shapes of tensile test specimens and rotary bending fatigue test specimens shown in Fig. 3 by the injection molding machine. The molded green compacts were performed solvent debinding in a heptane saturated atmosphere to remove waxes, and then performed heat debinding and vacuum sintering in a furnace to produce the sintered compacts. The sintering was set at 980 o C in the α + β region, which is below the β transus temperature of Ti-6Al-4V (1000 o C). The Kudo, Shinagawa and Miura, Mechanical Engineering Journal, Vol.5, No.4 (2018) [DOI: 10.1299/mej.17-00686] sintering time was set for 24, 48, and 96 hours. As a reference material, the compacts sintered in β region were made by sintering at 1350 o C for 4 hours. HIP treatment was applied especially for the compacts sintered at 980 o C for 24 hours.
The HIP treatment was performed at 900 o C for 2 hours in the Ar atmosphere under 103 MPa and gas fan cooling (GFC). Relative density of the sintered compacts was measured by Archimedes' method. Grain diameter was measured by inverse pole figure (IPF) mapping of electron backscatter diffraction (EBSD) analysis. As the unit of grain size, α colony diameter was measured in the lamellar microstructure, α phase and β phase were measured in an equiaxed microstructure. Also, the mechanical properties were evaluated by tensile tests and rotating bending fatigue tests. The stress ratio of rotating bending fatigue test was R = -1. The fatigue strength was determined by maximum number of cycle, which was 10 7 cycles.
Results

Microstructure
The relationships between the sintering time and the relative density are shown in Fig Kudo, Shinagawa and Miura, Mechanical Engineering Journal, Vol.5, No.4 (2018) [DOI: 10.1299/mej.17-00686]
The 1350 o C sintered compacts showed coarse lamellar microstructure which is observed in typical sintered compacts of Ti-6Al-4V. On the other hand, the 980 o C sintered compacts have fine equiaxed microstructure which is similar to the wrought material. In addition, some regions of lamellar structure were also observed. As the sintering time was increased, the amount of pores was decreased and the grain size was increased in the sintered compacts. The HIPed compacts after sintering at 980 o C for 24 hours showed full densification and pores were not observed. Figure 6 shows IPF mapping images measured by EBSD analysis, where the values bellow the sintering conditions are the mean grain diameter. Although the grain diameter of 1350 o C sintered compacts was 148.6 µm, the 980 o C sintered compacts showed finer grain size. In addition, The HIP treated compacts show finer grain diameter, compared to the compacts sintered at 980 o C for 96 hours. The finer grains can be obtained by applying HIP treatment to the sintered compacts with low density rather than sintered compacts with high density by prolonging sintering time. Figure 7 shows the relationships between the maximum tensile strength and the elongation of sintered and HIP treated compacts.
Mechanical properties 3.2.1 Tensile properties
The standard values of wrought Ti-6Al-4V materials are 900 MPa of tensile strength and 10 % of elongation (ASTM grade 5). The 1350 o C sintered compacts showed a tensile strength of 837 MPa and an elongation of 15.1 %, although the tensile strength was low compared to the standard value of the wrought material. The compacts sintered at 980 o C for 48 hours and 96 hours showed higher tensile strength and elongation than the standard value. On the other hand, the compact sintered at 980 o C for 24 hours resulted in slightly low tensile strength and low elongation. Their relative density were 96.3 %, which is a common value for ordinary sintered material and may not affect on the elongation significantly in usual. It was seemed that the tensile properties were decreased even by the presence of slight pores due to their fine grain size. This is also supported by the fact that the elongation was changed (48 hours:11.7 %, 96 hours: 18.3 %) with a slight difference of relative density (48 hours: 98.3 %, 96 hours: 98.8 %) between the sintered compacts for 48 hours and for 96 hours. The HIP treated compacts showed superior tensile strength and elongation compare to the standard value of the wrought. Generally, the 980 o C sintered compacts showed good strength-elongation balance because of their fine equiaxed microstructure. Kudo, Shinagawa and Miura, Mechanical Engineering Journal, Vol.5, No.4 (2018) [DOI: 10.1299/mej.17-00686]
Fatigue strength
Discussion 4.1 Formation of equiaxed microstructure
According to the present experimental result, the sintered compacts with an equiaxed microstructure can be prepared by sintering at the α + β region temperature. Here we discuss its microstructural formation mechanism. In order to observe the microstructure during sintering at 980 o C, the sintered compacts were heated again at 980 o C for 1.8 ks then they were quenched in water. The optical micrograph and IPF mapping image of those specimens are shown in Fig. 9 .
The equiaxed α grains were observed and there are α' martensites surrounding by equiaxed α grains. This martensite phase is β phase at 980 o C. Therefore, the equiaxed α grains and pores pinned the grain boundaries of prior β grains during sintering at 980 ° C, thereby exhibiting an equiaxed microstructure. In order to investigate the relationship between the prior β grain size during sintering at 980 o C and the grain size after sintering, the prior β grain diameter was evaluated. The IPF mapping images of extracting only α phase and β phase by EBSD are shown in Fig. 10 . In the sintered compacts at 980 °C, the β phases can be seen between the α phases. The same collar regions in this mapping may represent the area occupied by the prior β grains. Although it is not perfect, in order to quantify, the range considered to be the prior β grain was surrounded by hand, and the prior β grain diameter was measured as same as measuring method of grain diameter. The relationship between the prior β grain diameter and the grain diameter (Fig.  5) is shown in Fig.11 . There is a correlation between the prior β grain diameter and the α + β grain diameter. The grain diameter is about 60 % of prior β grain diameter. It is considered that the grain diameter has been refined by the refinement of the prior β grains. Equiaxed α phase Martensite (Prior β grain) Kudo, Shinagawa and Miura, Mechanical Engineering Journal, Vol.5, No.4 (2018) [DOI: 10.1299/mej.17-00686]
Effect of grain diameter and pore diameter on the fatigue strength
Several papers have reported that the fatigue strength of the Ti-6Al-4V alloy is proportional to the reciprocal of the square root of the grain size (Choe et al., 2016) (Kudo et al., 2016) (Okazaki et al., 1992) . This means that the fatigue strength and the fatigue crack initiation stress are equal. This is due to that the titanium alloy after testing at fatigue limit does not show the initiation of cracks (Hayashi et al., 1999) . In addition, the relationship between the fatigue crack initiation stress and the grain diameter is equivalent to that of Hall-petch relation (Tanaka and Mura, 1981) . The relationship between the grain diameter and the fatigue strength is shown in Fig. 12. The results of the previous fatigue tests and the results obtained from the present study are shown together. It can be seen that the relationship of the grain diameter and fatigue strength are similar to those of the Hall-petch relation. The fatigue strength of the compacts sintered at 980 °C for 24 h deviates from the other data, which is located on the lower strength side. We focus on the size of pores here. Tanaka and Mura evaluated the influence of relative magnitude relationship between inclusion diameter and grain diameter on the fatigue strength by using the accumulation model of dislocation dipoles (Tanaka and Mura, 1982) . This result showed that the crack initiation stress (equivalent to the fatigue strength in Ti alloy) decreases as the ratio of the inclusion diameter and the slip band length (corresponding to the grain size) to the grain boundary increases. Therefore, it is thought that the influence of relative magnitude relationship between the pore diameter and the grain diameter on the fatigue strength can be evaluated by the "the ratio of fatigue added compacts and Ti64-fine powder compacts are references (Choe et al., 2016) (Kudo et al., 2016) .
Prior β grain Kudo, Shinagawa and Miura, Mechanical Engineering Journal, Vol.5, No.4 (2018) [DOI: 10.1299/mej.17-00686] strength of sintered compacts normalized by the fatigue strength of HIP treated compacts" and "the ratio of maximum pore diameter normalized by grain diameter". In order to estimate the maximum pore diameter in the sintered compacts, the following extremal statistics were used. Maximum pore diameter was calculated based on the method of maximum size evaluation of inclusions conducted by Murakami (Murakami, 1994 Although the maximum pore diameter tended to increase as the sintering progressed, the difference of pore diameter was small. "The ratio of fatigue strength of sintered compacts normalized by the fatigue strength of HIP treated compacts" plotted as a function of "the ratio of maximum pore diameter normalized by grain diameter" in Fig.13 . In this graph, the fatigue strength tends to decrease as the ratio of the maximum pore diameter to the grain diameter increases to a certain value (about 2 in this graph). It can be inferred that the fatigue strength of the compacts sintered at 980 o C for 24 hours decreased due to the increase in the relative defect diameter (maximum pore diameter) similarly to Tanaka's model (Tanaka and Mura, 1982) . In addition, this fact suggests that there is a limit in the improvement of fatigue strength due to the refinement of grain size in the sintered compacts which have still pores, so that the control of pore diameter is most important.
Conclusion
In this study, the powder compacts sintered at α + β dual phase region was prepared and their microstructure and mechanical properties were examined. The following conclusions were obtained. 1. The compacts sintered at α + β region showed fine equiaxed microstructure. It may be caused by pinning effect of equiaxed α grains during sintering. 2. The α + β region sintered compacts showed an excellent tensile strength and elongation balance and fatigue strength. Especially, the HIP treated compacts sufficiently satisfied the standard level of wrought Ti-6Al-4V materials. 3. Since the fatigue strength of sintered compacts with fine grain sizes significantly decreases due to the increase of the ratio of maximum pore diameter to grain diameter, it was suggested that the control the pore diameter for further improvement of fatigue strength of sintered compacts is most important. Boron added compacts Ti64-fine powder compacts Fig. 13 Relationships between ratio of estimated value of maximum pore diameter to mean grain diameter and ratio of fatigue strength based on HIP treated compacts. Data of boron added compacts and Ti64-fine powder compacts are references (Choe et al., 2016) (Kudo et al., 2016) .
